found in the thymus. Calcineurin A␣ Ϫ/Ϫ mice consistently had splenomegaly, with a corresponding 2-fold increase in the number of splenic T cells (data not shown). Analysis of the splenic T cells from calcineurin A␣ Ϫ/Ϫ mice demonstrated that they had increased CDK4 kinase activity and, surprisingly, higher protein levels of CDK4 ( Figure 1A) . Importantly, the increases in CDK4 kinase activity and expression levels were not observed in the thymus ( Figure 1A) , nor was there an increase in the kinase activity and protein expression of CDK6 (data not shown), indicating that the actions of calcineurin A␣ were specific for the G0/G1 restriction point kinase, CDK4. In addition, analysis of CDK4 mRNA indicated that the absence of calcineurin resulted in a 4-fold elevation of the levels of CDK4 mRNA ( Figure 1B) , supporting the increased kinase activity and protein levels of CDK4.
We propose that the increased numbers of splenic T cells in calcineurin A␣
Ϫ/Ϫ mice may have been due to increased CDK4 expression and kinase activity. Calcineurin A␣ can, therefore, negatively regulate the levels of CDK4 and control its kinase activity at the level of transcription.
NFATc2-Dependent Repression of the CDK4 Promoter
Calcineurin can control gene transcription within the immune system by utilizing the NFAT family of transcription factors (Baksh and Burakoff, 2000) . We examined the possibility that the calcineurin/NFAT pathway may threonine residues within the amino terminus of NFATc2, In order to confirm the effects of NFATc2, reporter assays were carried out using the bona fide NFATresulting in the exposure of a nuclear localization signal (NLS) and thus translocation to the nucleus (Zhu et al., responsive element from the IL-2 promoter, NFAT/AP-1 ( Figure 3B ). Predictably, transfection with wild-type 1998). We examined the requirement for calcineurin in NFAT-mediated control of the CDK4 promoter. Ectopic NFATc2 resulted in a 13-fold elevation in the activity the NFAT/AP-1 reporter from the IL-2 promoter and a 25-expression of full-length NFATc2 (NFAT WT; Figure 3A , left panel) resulted in a 52% reduction of the basal activfold elevation in NFAT/AP-1 reporter activity when using the d175 mutant of NFATc2. In contrast, NFATc2 (1-400) ity of F [B] . In contrast, a constitutively active NFATc2 mutant with a deletion of the first 175 amino acids, was not able to transactivate the NFAT/AP-1 reporter, confirming that the DNA binding domain of NFATc2 was NFATc2 d175, was observed to repress the basal activity of F[B] by ‫%09ف‬ (NFATc2 d175; Figure 3A ). The d175 important in its ability to regulate promoter elements. Additionally, FK506 was able to reverse the effects of mutant of NFATc2 was found to be localized in the nucleus and did not require calcium or calcineurin activaNFATc2 ( Figure 3B Figure 3C ). This delay suggests that the calcium-dependent downmodulation of CDK4 promoter NFATc2-dependent repression was not complete, restoring only 72% of basal activity of F[B], suggesting that activity may be dependent upon a specific stage in the cell cycle or that there may be a requirement for the the remaining 28% may be independent of the actions of calcineurin.
production of a specific factor to cooperate with NFAT Additionally, mutations M3 and M4 also resulted in the substantial loss of NFATc2-dependent repression (data DBD, indicating that the binding of NFAT to the NFAT not shown), suggesting that NFATc2 may require a factor that binds immediately 5Ј to the core NFAT binding sequence in order to repress the CDK4 promoter.
In order to further confirm the binding of NFATc2 to the promoter of CDK4, chromatin immunoprecipitation was carried out to observe an in vivo association of NFATc2 with the CDK4 promoter. Jurkat cells were left unstimulated or were stimulated with the calcium ionophore, A23187 (for 20 hr); the resultant nuclear fractions were immunoprecipitated using specific antibodies to NFATc2, and the associated DNA was purified out (Figure 4C) . Using specific primers to the CDK4 promoter, a 400 bp PCR product was obtained from Jurkat cells stimulated for 20 hr with A23187 ( Figure 4C, lane 1) , but not from unstimulated cells ( Figure 4C, lane 1) nor from cells stimulated with A23187 for 6 hr (data not shown). This association was specific for NFATc2 since no PCR product was obtained when using a nonspecific antibody (anti-cdk2), when using beads alone ( Figure 4C , "Beads only"), or when using primers to an unrelated promoter, such as GAPDH. We speculate that NFAT can transcriptionally regulate the promoter during the later stages of T cell activation where calcium transients are still at a high level due to the presence of the I CRAC channels (Parekh and Penner, 1997), functioning to maintain NFATc2 within the nucleus. As T cells return to the quies- 
panel). In vivo promoter analysis via ChIP confirmed that E2F-1 (but not E2F-4 or an unrelated megaly (Xanthoudakis et al., 1996). CDK4 protein levels and kinase activity were elevated in majority of the transcription factor, Sp3) can specifically bind to the CDK4 promoter and that this association is lost under splenic T cells in NFATc2
Ϫ/Ϫ mice ( Figure 5D ), supporting a negative regulatory role for the calcineurin/NFATc2 conditions that stimulate NFATc2 interaction with the promoter ( Figure 7A , "ϩA23187, 20 hr"). Furthermore, pathway in modulating the expression levels of CDK4. We did not observe changes in CDK6 kinase activity or in vitro DNA binding analysis of the ability of E2F-1,
E2F-2, or E2F-3 to bind to the NFAT(CDK4) oligonucleoprotein expression in NFATc2
Ϫ/Ϫ mice (data not shown), suggesting a specific role for NFATc2 in the control of tide mutant M1 (defective in NFATc2 binding) revealed that E2F binding was dramatically enhanced when com-CDK4 expression. pared to E2F binding to the wild-type NFAT(CDK4) oligonucleotide (data not shown). We propose that E2F can E2F Transactivation of the CDK4 Promoter Is Repressed by NFATc2 via Recruitment bind to the E2F site in F[B], but binding may be optimal in the absence of NFATc2. of Histone Deacetylase Activity The E2F family of transcription factors is composed of E2F-dependent activation has also been demonstrated to be regulated by histone deacetylase (HDAC) two distantly related subfamilies, E2F and DP (Black and Azizkhan-Clifford, 1999), that regulate numerous S activity by the recuitment of HDAC activity by pRb (Brehm and Kouzarides, 1999; Luo et al., 1998). Specifiphase genes (such as dihydrofolate reductase, cyclin E, thymidine kinase, and DNA polymerase ␣). E2F-1, cally, the recruitment of HDAC1 results in the deacetylation of histone H3 and thus suggests a critical role for E2F-2, and E2F-3 are associated with pRb, functioning to prevent E2F from binding to its promoter. E2F-4 and HDAC1 in pRb-dependent repression of E2F transcriptional activity (Luo et al., 1998). In light of our data sug-E2F-5 are thought to be in association with the Rbrelated proteins, p130 and p107 (Verona et al., 1997) .
gesting that NFATc2 functions to repress the expression of CDK4, we utilized ChIP analysis to look at the histone A putative E2F binding site was found to be present Ϫ/Ϫ mice (n ϭ 4); both populations were stimulated with Con A (5 g/ml) for 48 hr followed by a change to media without Con A to allow to enter back into quiescence. Cells were harvested 16 hr later, and ChIP analysis was carried out using the indicated antibodies. Resultant DNA was amplified using specific primers to the human CDK4 promoter (A-C) or to the mouse CDK4 promoter (E) and was visualized on a 2% agarose gel.
H3 and H4 acetylation status of the CDK4 promoter
NFATc2 recruitment of an HDAC activity was further confirmed by immunoprecipitation experiments demonunder conditions that maximize NFATc2-dependent repression of the CDK4 promoter. Calcium-dependent restrating that NFATc2 can associate with HDAC1 ( Figure  7D ) and thus bring an HDAC activity to the CDK4 propression of the CDK4 promoter, by treatment of cells with A23187, resulted in a significant decrease in the moter. In addition, in purified splenic T cells that were allowed to proliferate and return to quiescence, we obacetylation of histone H3 (Figure 7B For EMSA, the reaction mixture contained the following: DBD exon of CDK4 was used, between nucleotides 9 and 258. Each primer also contained the HindIII restriction site, 5Ј-aaagctt. We protein (7 nM DBD NFATc2 and/or 160 nM c-Fos/c-Jun), 4000 cpm/ l of radiolabeled duplex; 10 mM HEPES; 125 mM NaCl; 20% glycinitially used the following primers 5Ј-TCCCATAGGCACCGACAC CAATTTC-3Ј, 5Ј-CCCATAGGCACCGACACCAATTTCAG-3Ј, and 5Ј-erol; 0.04 g/ml poly(dI:dC); 1.6 mg/ml BSA, 0.5 mM DTT in 20 l volume. Incubation was carried out at room temperature for 30 min CGAGAGGTGGCCATTCTCAGATCAAGGG-3Ј, encompassing nucleotides 282-258, 281-256, and 241-214, respectively. These primand then separated using a 4% nondenaturing acrylamide gel. The gel was prerun for 30 min in 0.25ϫ TBE and then run for 2 hr in ers generated various products that were used as templates for reamplification with nested primers encompassing the sequence 0.25ϫ TBE. The gel was rinsed for 30 s in 10% acetic acid/10% methanol, washed with 500 ml of distilled water, and dried onto from nucleotide 43 to nucleotide 21, 5Ј-aaagcttATGTGACCAGCTG CCAAAGACGC-3Ј, from nucleotide 61 to nucleotide 37, 5Ј-CTCACC Whatman filter paper and autoradiographed. CCCACCCTACCATGTGAC-3Ј, and from nucleotide 32 to nucleotide 9, 5Ј-TAGACACAGGCCGCAAGCTAGAGA-3Ј. Products of 2120 bp Quantitative Polymerase Chain Reaction Analysis Total RNA was isolated from mouse spleens using the tissue RNA and 867 bp generated from the primer sequence spanning nucleotides 43 to 21 showed identical banding patterns to a full-length isolation kit from Roche. Purity was tested by A260/280 ratios and analysis by gel electrophoresis. For quantitative polymerase chain human CDK4 cDNA probe on Southern blotting using DNA digested with BamHI and HindIII. The sequence of these products showed reaction analysis (QPCR) on calcineurin A␣ mice, murine CDK4 primers used were as follows (accession number NM_009870): forward that the distal 867 bases of the 2120 bp product were identical to the sequence of the shorter product. Therefore, each of these CTCTGGAGGCCCTT-3Ј). Individual experiments were carried out at least four times.
